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Abstract

Chemical shift assignment of methyl-containing residues is essential in protein NMR spectroscopy, as these
residues are abundant in protein interiors and provide the vast majority of long-range NOE connectivities
for structure determination. These residues also constitute an integral part of hydrophobic cavities, the
surroundings for many enzymatic reactions. Here we present a powerful strategy for the assignment of
methyl-containing residues in a uniformly 13C/15N double labeled protein sample. The approach is based on
novel four-dimensional HCCmHm-TOCSY experiments, two of them utilizing gradient selection and
sensitivity enhancement in all three indirectly detected dimensions. Regardless of the number of dimen-
sions, the proposed experiments can be executed using only one transient per FID, providing outstanding
resolution and sensitivity. A complete assignment of the 51 methyl-containing residues in the 16 kDa Mus
musculus coactosin was accomplished using a four-dimensional HCCmHm-TOCSY spectrum recorded in
16 hours.

Introduction

Methyl-containing and aromatic residues form the
core of a protein, and provide hydrophobic cavi-
ties in protein interiors where enzymatic reactions
occur. The ligand binding epitope of a protein can
be characterized by monitoring methyl group
chemical shift changes in interaction studies
(Hajduk et al., 2000). In addition, methyl-methyl
and methyl-amide NOEs are vital for structure
determination (Mueller et al., 2000). Consequently,
development of robust methodology for efficient
assignment of methyl group chemical shifts is
readily justified. Conventional approaches for

assigning methyl-containing residues are based
on either three-dimensional 13C-1H detected
HC(C)H-TOCSY and H(C)CH-COSY experi-
ments (Bax et al., 1990a, b, Fesik et al., 1990; Kay
et al., 1990a, b; Montelione et al. 1992) or
15N-1HN detected (H)CC(CO)NH-TOCSY and
H(CC)NH-TOCSY /H(CC)(CO)NH-TOCSY exp-
eriments (Lyons and Montelione, 1993; Grzesiek
et al., 1993, Logan et al., 1993; Gardner et al.,
1996; Liu and Wagner, 1999). The former
approach provides superior sensitivity whereas
merits of latter lie in the excellent resolution of 15N
and 1HN dimensions and efficient water suppres-
sion obtained by sensitivity-enhanced gradient
selection. However, no direct H-C connectivities
are observed, and typically this information is*To whom correspondence should be addressed. E-mail:
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gathered e.g. using a HC(C)H-COSY experiment.
A four dimensional HCC(CO)NNH-TOCSY
experiment (Clowes et al., 1993) has been
proposed, which simultaneously provides direct
sidechain proton–carbon connectivities and relates
these to a backbone amide group. The sensitivity
of this experiment is inherently lower than its three
dimensional counterparts. The amide proton
detected 13C-13C TOCSY type of experiments in
general suffer from sensitivity losses related to
inefficient 13C-13C TOCSY transfer and long
transfer steps from 13C to 15N. The latter can be
improved by selective methyl protonation (Gard-
ner et al., 1997a, b; Goto et al., 1999) and simul-
taneous use of the TROSY approach (Pervushin
et al., 1997, Hilty et al., 2002). However, this
procedure is not very cost-efficient if the protein
expression level is modest or even moderately
low. Furthermore, the gain in sensitivity is
negatively counterbalanced by the rapid transverse
relaxation of the 13C¢ spin at the field strength
optimal for the TROSY effect (Permi and Annila,
2004). If a (H)CCNH-TOCSY experiment is used
instead, both the intraresidual and sequential
coherence transfer pathways are effective, which
doubles the number of observable cross peaks. The
13C–1H detected experiments offer an alternative
approach with improved sensitivity. Tugarinov
and Kay have proposed several 13C–13C COSY
based experiments together with new labeling
schemes for Leu and Val residues to assign selec-
tively protonated methyl resonances (Tugarinov
and Kay, 2003a, b). Methyl TROSY experiment
was proposed by the same group for recording
1H–13C correlations in highly deuterated, methyl
protonated larger proteins (Tugarinov et al.,
2004).

Uhrı́n and his co-workers suggested an ap-
proach based on linking methyl group 13C and 1H
chemical shifts with those of 13Ca and 13Cb (Uhrin
et al., 2000; Yang et al., 2004). In these experi-
ments, 13Ca and 13Cb magnetization is relayed to
methyl carbons by a 13C–13C TOCSY transfer.
The 13C methyl resonances are subsequently fre-
quency labeled during a relatively long (�28 ms)
constant-time period, followed by proton detec-
tion. Inspired by this approach, our group
recently proposed a gradient selected and dou-
ble sensitivity-enhanced DE-MQ-(H)CCmHm-

TOCSY implementation of this experiment with
which we were able to assign 75 out of the 77
methyl groups of a 142-residue protein (Permi
et al., 2004). In this paper we propose a new
assignment strategy based on single transient 4D
spectroscopy. Four new pulse sequences for the
assignment of methyl-containing residues are
presented, a three-dimensional Gradient selected
Double sensitivity Enhanced (GDE) H(C)CmHm-
TOCSY scheme to complement the three-dimen-
sional DE-MQ-(H)CCmHm-TOCSY (Permi
et al., 2004), and three different implementations
of a four-dimensional HCCmHm-TOCSY exper-
iment with Gradient selection and Double or
Triple sensitivity Enhancement (GDE-HCCmHm-
TOCSY or GTE-HCCmHm-TOCSY). Spectra
with good resolution and sensitivity are obtained
in short acquisition times using a single transient,
efficiently providing unambiguous methyl assign-
ments.

Theory

The three-dimensional GDE-H(C)CmHm-TOCSY
experiment is shown in Figure 1a, whereas Fig-
ure 1b–d illustrate different implementations of
four-dimensional HCCmHm-TOCSY experiments
used in this study. These experiments are based on
the HCCH3 (Uhrı́n et al., 2000) double sensitivity
enhanced H(C)CH-TOCSY (Sattler et al., 1995a)
and DE-MQ-(H)CCmHm (Permi et al., 2004)
experiments. In the following we will briefly de-
scribe the main course of the proposed experi-
ments and emphasize the differing features
providing the improved resolution and sensitivity
with respect to the original schemes. The major
difference between the four-dimensional imple-
mentations stems from gradient selection, i.e.
schemes shown in Figure 1b and c utilize gradient
selection in all three indirectly detected dimensions
whereas in the scheme in Figure 1d sensitivity-
enhanced gradient selection is employed in two
indirectly detected dimensions. Schemes 1b and
1c are referred here to as GTE-HCCmHm-
TOCSY (Gradient selected, Triple sensitivity
Enhanced) and scheme 1d to as GDE-HCCmHm-
TOCSY (Gradient selected, Double sensitivity
Enhanced).
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The course of the three-dimensional GDE-
H(C)CmHm-TOCSY experiment (Figure 1a) can
be described in the following way

The coherence transfer can be described analo-
gously for the three four-dimensional experiments:
GTE-HCCmHm-TOCSY (Figure 1b and 1c):

and

and GDE-HCCmHm-TOCSY (Figure 1d):

The couplings and coherence transfer schemes
which are employed for the magnetization transfer
are shown above the arrows, and ti (i = 1–4) refer
to the acquisition time for the corresponding spin
either with a semi-constant time (SCT) or a con-
stant-time (CT) implementation. In the following
section, we elaborate on a description of the four-
dimensional pulse schemes using the GTE-
HCCmHm experiment (Figure 1b) as an example.
Differences between the three implementations are
also discussed. The course of the three-dimen-
sional GDE-H(C)CmHm-TOCSY experiment
(Figure 1a) is very similar and consequently only
the differing parts are described.

As a first step, frequencies of aliphatic protons
are labeled during the t1 period implemented as a
semi-constant time evolution (Grzesiek and Bax,
1993; Logan et al., 1993). Coherence selection and
quadrature detection are established using gradi-
ent selection. To this end, a selection gradient
(GS1) is inserted into the first 1JCH dephasing delay
s1, i.e. either expðixHt1Þ or expð�ixHt1) modulated

signal is selected. This is followed by a coherence
order selective coherence transfer (COS-CT) to the
adjacent aliphatic carbon spins. Hence, both

orthogonal x and y components of magnetization
are transferred from 1H to 13C using the zxy-
ICOS-CT element (Sattler et al., 1995b). The semi-
constant time frequency labeling improves the
sensitivity as the delay 2s1 can be used for chemical
shift labeling. The transverse relaxation of protons
is effectively scaled down by a factor of
j ¼ ðt1;max � 2s1Þ=t1;max with respect to a real time
evolution period, which partially compensates
relaxation mediated sensitivity loss due to the
additional 2s2 period required for the COS-CT
implementation.

Labeling of 13C frequencies takes place during
the second evolution period, t2, which immediately
follows the first COS-CT step. A pair of dephasing
gradients (GS2) is employed for the coherence
selection in t2 and to minimize sensitivity losses
due to 1JCC modulation and transverse relaxation.
At this point, the last 90� pulse on 13C prior to the
ensuing isotropic TOCSY mixing sequence con-
verts the y component of magnetization to z-
magnetization. Obviously, chemical shift labeling

1HðSCT� t1Þ �������������!
zxy�ICOS�CTð1JHCÞ 13Cðt2Þ ���������!

C;C�TOCSY 13CmðCT� t3Þ ���������������!
yxz�ICOS�CTð1JCmHmÞ 1Hmðt4Þ

1Hðt1Þ �������������!
yxz�ICOS�CTð1JHCÞ 13CðSCT� t2Þ ���������!

C;C�TOCSY 13CmðCT� t3Þ ���������������!
yxz�ICOS�CTð1JCmHmÞ 1Hmðt4Þ;

1HðSCT� t1Þ �������������!
zxy�ICOS�CTð1JHCÞ 13C

���������!C;C�TOCSY 13CmðCT� t2Þ ���������������!
yxz�ICOS�CTð1JCmHmÞ 1Hmðt3Þ:

1HðSCT� t1Þ�!
1JHC 13CðSCT � t2Þ ���������!

C;C�TOCSY 13CmðCT� t3Þ ���������������!
yxz�ICOS�CTð1JCmHmÞ 1Hmðt4Þ
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of carbons before the TOCSY mixing sequence is
omitted in the three-dimensional version of the
experiment (see Figure 1a). The subsequent
TOCSY mixing sequence can be used for trans-
ferring both orthogonal x and z components (or x
and y components in the three-dimensional
scheme) of magnetization to methyl 13Cm spins i.e.
establishing a 13C+ fi 13Cm

+ transfer. Hence, the
theoretical sensitivity improvement by a factor
sqrt(2), irrespective of the spin system, is obtained
with respect to the conventional hypercomplex
frequency discrimination in which the phase-sen-
sitive signal is obtained by combining two ampli-
tude modulated signals in t2 (Cavanagh and
Rance, 1990; Sattler et al., 1995b; Kövér et al.,
1998). The 90� pulse on 13C following the TOCSY
sequence converts the desired magnetization into
13Cm

+ coherence which evolves during the t3 (t2 in
the three-dimensional experiment) evolution peri-
od. Methyl carbon chemical shift evolution takes
place during a constant-time period of 27 ms,
which provides an outstanding resolution in the
methyl carbon dimension. The use of a constant-
time approach can readily be justified as the
transverse relaxation times of methyl carbons are
very long even in large non-deuterated proteins,

thanks to the fast spin rotation of methyl groups.
Proton spin flips during the long 2TC period in-
duce an effective transverse relaxation mechanism
for methyl carbon. This can be inhibited by
applying sensitivity enhancing proton decoupling
during most of the 2TC period (Uhrı́n et al., 2000).
An additional pair of dephasing gradients (GS3) is
employed during the t3 period in order to achieve
coherence selection and quadrature detection in t3.
A 180�(1H) pulse is applied between the two
gradient pulses to prevent J coupling evolution
during the gradient echo (Permi et al., 2004). In
the final step, 13Cm

+ coherence is transferred to
observable 1Hm

) coherence prior to the acquisition
period by employing the yxz-ICOS-CT sequence.
In this way, both orthogonal magnetization com-
ponents can be transferred from methyl carbon to
methyl proton.

Prior to acquisition, the signal of interest is
purely phase modulated in all three indirectly
detected dimensions i.e. expð�ixHt1Þ expð�ixCt2Þ
expð�ixCmt3Þ in four-dimensional or expð�ixHt1Þ
expð�ixCmt2) in three-dimensional experiments.
Sensitivity-enhanced gradient selection has been
applied to all three indirectly detected dimensions,
which enables recording of a four-dimensional

Figure 1. HCCmHm-TOCSY experiments for the sequence-specific assignment of Ala, Ile, Leu, Thr and Val residues in 13C/(15N)
labeled proteins. Narrow and wide bars correspond to 90� and 180� flip angles, respectively, applied with phase x unless otherwise
stated. All 90� and 180� pulses for aliphatic carbons were applied with a strength of 20.8 kHz. The 1H, 15N, and 13C¢ carrier positions
are 2.9 (center of aliphatic proton region), 120 (center of 15N spectral region), and 175 ppm (center of 13C¢ spectral region). The 13C¢
carrier is set initially to the middle of aliphatic 13C region (39 ppm) and shifted to 20 ppm just after the TOCSY mixing sequence. A)
3D double sensitivity-enhanced, gradient selected GDE-H(C)CmHm-TOCSY experiment. Delay durations:
ta1 ¼ s1 þ t1=2; tb1 ¼ ð1� jÞ � t1=2; tc1 ¼ s1 � j � t1=2; s1 ¼ 1=ð4JHCÞ � 1:7 ms; s2 ¼ 1:1 ms; s3 ¼ 0:9 ms; D1 ¼ 1=ð4JCmHmÞ � 2:0 ms;
D2 ¼ 0:6 ms; D3 ¼ 0:76 ms; TC ¼ 1=ð2JCaCbÞ � 14 ms; T’C = TC � 2e; e = gradient + field recovery delay; 0 � j6 2 s1=t1;max.
Frequency discrimination in F1 and F2 is obtained using sensitivity-enhanced gradient selection (Kay et al., 1992; Schleucher et al.,
1993). The echo and antiecho signals in F1 and F2 dimensions are collected separately by inverting the sign of the GS1 and GS2 gradient
pulses together with the inversion of f, and w and f, respectively. Phase settings: / = x; w = ) y, y; n = y, ) y, ) y, y. Gradient
strengths: GS1 = 1 k G/cm, GS2 = 18 k G/cm, Gr = 10 k G/cm. Gradient duration: 0.4 ms. B) 4D triple sensitivity-enhanced,
gradient selected GTE-HCCmHm-TOCSY with zxy-ICOS-CT element. Delay durations as in A). Quadrature detection in F1, F2, and
F3 is obtained using sensitivity-enhanced gradient selection. Eight datasets are collected separately by inverting the sign of the GS1, GS2

and GS3 gradient pulses together with the inversion of f, n and f, and w and n, respectively. Phase settings: / = x; w = ) y, y;
n = ) x, x, x, ) x. f = 2(y), 4() y), 2(y). Gradient strengths: GS1 = 2.7 k G/cm, GS2 = 2.6 k G/cm, GS3 = 18 k G/cm, Gr = 13 k
G/cm. C) 4D triple sensitivity-enhanced, gradient selected GTE-HCCmHm-TOCSY with yxz-ICOS-CT element. Delay durations:
s1 = 1/(4JHC) � 1.7 ms; s2 = 0.9 ms; s3 ¼ 1:1 ms; ta2 ¼ t1=2; tb2 ¼ s3, t

c
2 ¼ ð1� kÞ � t2=2; td2 ¼ s3 � k � t2=2; 0 � k � 2s3=t2;max.

Gradient strengths: GS1 = 1.3 k G/cm, GS2 = ) 5.1 k G/cm, GS3 = 18 k G/cm, Gr = 13 k G/cm. Quadrature detection with the
phase settings as in B). D) 4D double sensitivity-enhanced, gradient selected GDE-HCCmHm-TOCSY experiment. Delay durations
ta1 ¼ s1 þ t1=2; tb1 ¼ ð1� jÞ � t1=2; tc1 ¼ s1 � j � t1=2; s1 ¼ 1=ð4JHCÞ � 1:7 ms; ta2 ¼ t1=2; tb2 ¼ s3; t

c
2 ¼ ð1� kÞ � t2=2; td2 ¼ s3 �k � t2=2;

0 � k � 2s3=t2;max; s3 ¼ 1=ð4JCHÞ � 1:1 ms. Gradient strengths: GS1 = 3.6 k G/cm, GS2 = 18 k G/cm, Gr = 10 k G/cm. Phase
settings: / ¼ 45�; w = ) y, y; n = ) x, x, x, ) x. Frequency discrimination in F1 is obtained using States-TPPI protocol (Marion
et al., 1989) applied to /, whereas quadrature detection in F2 and F3 is accomplished by sensitivity-enhanced gradient selection. The
echo and anti-echo signals are collected separately by inverting the sign of GS1 and GS2 gradient pulses together with the inversion of n,
and w and n, respectively. The DIPSI-3 spin-lock (9 kHz) was employed for 13C-13C transfer. The WALTZ-16 sequence (Shaka et al.,
1983) was used to decouple 1H spins during 2TC. The adiabatic WURST field (Kupće and Wagner, 1995) was used to decouple 13C
during acquisition.

b
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spectrum using only one transient. For the triple
sensitivity-enhanced four-dimensional pulse se-
quence, eight separate experiments are required
with echo (E) - antiecho (A) selection in all three
indirect dimensions:

A/A/A : H�m expðixHt1Þ expðixCt2Þ
expðixCmt3Þ expðixHmt4Þ

ð1Þ

E/E/A : H�m expðixHt1Þ expð�ixCt2Þ
expðixCmt3Þ expðixHmt4Þ

ð2Þ

E/A/A : H�m expð�ixHt1Þ expðixCt2Þ
expðixCmt3Þ expðixHmt4Þ

ð3Þ

A/E/E : H�m expðixHt1Þ expðixCt2Þ
expð�ixCmt3Þ expðixHmt4Þ

ð4Þ

A/A/E : H�m expð�ixHt1Þ expð�ixCt2Þ
expð�ixCmt3Þ expðixHmt4Þ

ð5Þ

E/A/E : H�m expðixHt1Þ expð�ixCt2Þ
expð�ixCmt3Þ expðixHmt4Þ

ð6Þ

A/E/A : H�m expð�ixHt1Þ expð�ixCt2Þ
expðixCmt3Þ expðixHmt4Þ

ð7Þ

E/E/E : H�m expð�ixHt1Þ expðixCt2Þ
expð�ixCmt3Þ expðixHmt4Þ

ð8Þ

Eight signals are produced with equal intensity
resulting in a signal-to-noise ratio increased
theoretically by a factor of sqrt(8) with respect to a
standard four-dimensional pulse scheme. In prac-
tice, however, the S/N ratio will not be increased
by the theoretical factor due to differing spin
multiplicities, homonuclear 1JCC couplings, relax-
ation effects and larger number of RF pulses (vide
infra). An appropriate Fourier transform i.e. by
manipulating the data according to the sensitivity-
enhanced procedure in all three indirectly detected

dimensions yields correlations at xHðiÞ, xCðiÞ,
xCmðiÞ, xHmðiÞ.

For the three-dimensional double sensitivity-
enhanced experiment, four different data sets are
collected:

A/A : H�m expðixHt1Þ expðixCmt2Þ
expðixHmt3Þ

ð9Þ

E/A : H�m expð�ixHt1Þ expðixCmt2Þ
expðixHmt3Þ

ð10Þ

A/E : H�m expð�ixHt1Þ expð�ixCmt2Þ
expðixHmt3Þ

ð11Þ

E/E : H�m expðixHt1Þ expð�ixCmt2Þ
expðixHmt3Þ

ð12Þ

The theoretical increase in the S/N ratio by a
factor of 2 is obtained with respect to a non-sen-
sitivity enhanced three-dimensional experiment.
Fourier transform in the sensitivity-enhanced
echo-antiecho manner yields cross peaks at xHðiÞ,
xCmðiÞ, xHmðiÞ.

Materials and methods

The proposed four- and three-dimensional pulse
schemes were recorded on 0.8 mM uniformly 15N,
13C labeled coactosin having a molecular mass of
16 kDa (142 residues), dissolved in D2O, 10 mM
Bis-Tris buffer (pH 6.0), 50 mM NaCl, 1 mM
DTT in a 260 ll Shigemi microcell at 25�C.
Experiments in Figure 1a, 1b and 1d were carried
out on a Varian Unity INOVA 600 NMR
spectrometer, equipped with a 15N/13C/1H triple-
resonance coldprobe and an actively shielded
z-axis gradient system. Experiment in Figure 1c
was carried out on a Varian Unity INOVA 500
NMR spectrometer for testing purpose only. The
spectrometer is equipped with a conventional
15N/13C/1H triple-resonance probehead and an
actively shielded z-axis gradient system. Acquisi-
tion parameters for the measured three-dimen-
sional and four-dimensional spectra are given in
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Table 1. Prior to zero-filling and Fourier trans-
formation, four-dimensional data were extended
by two-fold in each indirectly detected dimension
using a forward-backward linear prediction algo-
rithm implemented into the NMRPipe software
package (Delaglio et al., 1995). Spectra were
analyzed using NMRDraw included in the
NMRPipe package. Isotropic DIPSI-3 TOCSY
sequence (Shaka et al., 1988) with a 12.2 ms mix-
ing time was utilized for 13C–13C transfer.

Results and discussion

It has been shown earlier that no uniform sensi-
tivity improvement by a factor of sqrt(2) can be
retrieved for IS, I2S and I3S spin moieties simul-
taneously, since coherence transfer cannot be
optimized for different effective Hamiltonians
during the heteronuclear coherence transfer using
a single set of mixing times (Sattler et al., 1995b).
The three COS-CT steps of the proposed three-
dimensional GDE-H(C)CmHm-TOCSY and four-
dimensional GTE-HCCmHm-TOCSY experi-
ments (Figure 1a–b) are designed to get the best of
the coherence transfer step in terms of sensitivity.
In the first magnetization transfer step from pro-
ton to carbon, we are aiming for optimizing the
sensitivity for HC and H2C spin moieties. To this
end, the zxy-ICOS-CT pulse element is employed
with appropriate delay settings, i.e. s1 ¼ 1=ð4JHCÞ,
s2 ¼ 1:1 ms, and s3 ¼ 0:9 ms. According to the
theory, a gain in sensitivity by a factor of 1.3 and
1.25 is obtained for HC and H2C groups, respec-
tively. The second magnetization transfer step in-
volves a homonuclear isotropic mixing sequence,
e.g. DIPSI-3 (Shaka et al., 1988), which can be
used for obtaining a sensitivity improvement by a
theoretical factor of sqrt(2), irrespective of the spin
system, in comparison to a z-filtered TOCSY
mixing sequence. The final transfer step is
composed of an in-phase yxz-ICOS-CT hetero-

nuclear mixing sequence to transfer methyl carbon
coherence to methyl protons. Despite this transfer
is less than optimal for I3S moieties as determined
by the unitary bound on spin dynamics for
Hermitian matrices (Sørensen, 1990, 1991; Sattler
et al., 1995b; Untidt et al., 1998), calculations
suggest a sensitivity improvement by a factor of
1.22 (omitting the sensitivity loss due to relaxation
and RF field inhomogeneity) with respect to
refocused INEPT (Permi et al., 2004). Optimal
sensitivity for CH3 moieties during the final
transfer step is attained by setting delays 2D1, 2D2,
and 2D3 to 0.5/JCmHm, 0.153/JCmHm and 0.196/
JCmHm, where JCmHm is the heteronuclear one-
bond coupling between methyl carbon and proton.
Relaxation during the final yxz-ICOS-CT element
does not pose a serious problem in methyl groups
since the transverse relaxation rates for 13Cm and
1Hm spins are relatively low even in larger proteins.
Indeed, we have shown earlier that the double
sensitivity-enhanced DE-MQ-(H)CCmHm-TOC-
SY experiment improved the sensitivity of the
conventional MQ-(H)CCmHm-TOCSY on aver-
age by a factor of 1.6 for a protein with a rota-
tional correlation time of 14.5 ns (Permi et al.,
2004).

To sum up the above concepts, the triple sen-
sitivity-enhanced four-dimensional GTE-HCCm
Hm-TOCSY experiment provides superior reso-
lution in comparison to its three-dimensional,
double sensitivity-enhanced counterparts, the DE-
MQ-(H)CCmHm-TOCSY scheme (Permi et al.,
2004) and the proposed three-dimensional GDE-
H(C)CmHm-TOCSY experiment (Figure 1a). The
sensitivity of the four-dimensional GTE-
HCCmHm-TOCSY (Figure1b) experiment is
comparable to that of the three-dimensional GDE-
H(C)CmHm-TOCSY experiment (Figure1a) if the
sensitivity loss due to 13C transverse relaxation
and 1JCC modulation during t2 and the subsequent
gradient defocusing delay 2e is neglected. Thus, an
inherent sensitivity loss by a factor of sqrt(2) due

Table 1. Acquisition parameters used for 3D and 4D HCCmHm-TOCSY experiments

Experiment Number of complex points

(t1, t2, t3, t4)

Acquisition times

(t1, t2, t3, t4) [ms]

Number of transients Experimental time [h]

Figure 1a 56, 60, 256 13.7, 26.1, 51.1 2 9

Figure 1b 26, 22, 40, 256 6.4, 2.3, 17.4, 51.1 1 52

Figure 1d 16, 16, 28, 256 3.9, 1.7, 12.2, 51.1 1 16
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to the additional incremented dimension is coun-
terbalanced by the sensitivity-enhanced gradient
selection, which is followed by the homonuclear
isotropic mixing sequence. However, use of the
zxy-ICOS-CT mixing sequence between the t1 and
t2 periods establishes also a COSY-like coherence
transfer between neighboring 13C spins during the
delay 2s2 (Figure 1b). Using density operator
presentation, this conversion can be described in
the following way for a CH–CH3 moiety found in
Ala residues.

where C1 and C2 correspond to a-carbon and me-
thyl carbon spins, respectively. The outcome of the
COSY-like transfer is a cross peak observable at
xHðiÞ, xC�1ðiÞ, xCmðiÞ, xHmðiÞ, where xC�1 refers to
13C spins preceding and following the carbon spin
to which the origin 1H spin is directly attached. In

other words, additional two-bond correlations be-
tween the origin 1H spin and the neighboring 13C
spins can be observed. This is exemplified in Fig-
ure 2 for residues Ala92 and Ile82 in a 16 kDa
protein coactosin. Typically the COSY peaks are
relatively weak (<5–15%) with respect to the main
peaks but in some cases their intensity can be
comparable to the weaker TOCSY peaks as can be
seen when comparing Ile82 Cc1-Hc12 and
Cc1�Hc13 TOCSY and Cc2�Hb COSY corre-
lations (Figure 2, upper right panel). These COSY
correlations can be used to advantage in assign-

ment, e.g. distinguishing between leucine and iso-
leucine residues due to their differing spin system
topology or in cases of overlap. It is noteworthy
that the coherence transfer leading to the COSY
cross peaks is effective also during the three-
dimensional GDE-H(C)CmHm-TOCSY experi-
ment. However, absence of the additional 13C
dimension prevents observation of these
correlations in the three-dimensional spectrum.

Emergence of the COSY peaks can be
suppressed by using alternative coherence

transfer schemes. In pulse sequence of Figure 1c
this is achieved by employing the yxz-ICOS-CT
scheme to transfermagnetization from 1H to 13C i.e.
the relevant termsafter the t1 period for theCH-CH3

moiety evolve during the yxz-ICOS element as
follows

As the antiphase 2JCH coupling will not be
refocused during the ensuing semi-constant time
delay 2s3 þ t2, the last term will not be converted
to observable magnetization, and hence no COSY
peaks are observed in the spectrum.

In this case, the first dephasing gradient (GS1)
cannot be incorporated into the first 1JCH deph-
asing delay i.e. an additional spin-echo period is
required after t1. Unlike the scheme in Figure 1b,
the second dephasing gradient (GS2) can be placed
within the refocusing delay 2s3 and a semi
constant-time evolution period can be utilized in
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the 13C (F2) dimension. As a result, apparent
transverse relaxation of 13C spin as well as
homonuclear 13C–13C coupling modulation are
scaled down by a factor k ¼ ðt2;max � 2s3Þ=t2;max.
The performance of the yxz-ICOS transfer is worse
than the efficiency of the zxy-ICOS-CT element. In
fact, the transfer efficiency with respect to the
conventional INEPT transfer is improved by a
factor of 1.2 for CH moieties, while the attainable
sensitivity is 98% and 83% of the INEPT transfer
for H2C and H3C moieties, respectively.

In the pulse sequence in Figure 1d, phase-sen-
sitive quadrature detection in the 1H dimension is
obtained using a traditional States-TPPI detection
(Marion et al., 1989). Thus, unlike its triple gra-
dient selected counterparts in Figure 1b and 1c,
the signal of interest in GDE-HCCmHm-TOCSY
(Figure 1d) is cosðxHt1Þ or sinðxHt1Þ modulated in
the F1 dimension. The 1H fi 13C transfer is
accomplished by using a conventional INEPT
transfer which purges COSY-like cross peaks by

elimination of homonuclear coherence transfer
prior to the t2 evolution period i.e. only the HzC

1
y

term will be modulated by the 13C chemical shift
during t2.

In order to minimize the effect of 1H and 13C
spin relaxation and 13C-13C J modulation, both t1
and t2 evolution periods are implemented in semi
constant-time manner which also enables incor-
poration of the first dephasing gradient (GS1)
within the delay 2s3. The pulse scheme in Fig-
ure 1d is 2eþ 2s2 shorter than the pulse sequences
utilizing the ICOS-CT elements and for this reason
sensitivity loss occurring in large proteins arising
from rapid relaxation of aliphatic, non-methyl
carbons is minimized. Although no gradient is
used for coherence selection in the F1 dimension,
the experiment can still be recorded using only one
transient per FID as no isotope filtration is
required in the first 1H dimension. This keeps the
experimental time short for a four-dimensional
experiment. Interestingly, the sensitivity of the

Figure 2. Representative F1(
1H)–F2(

13C) planes of a four-dimensional HCCmHm-TOCSY spectrum acquired with the pulse sequence
shown in Figure 1b. COSY peaks appear between 1H and 13C two bonds apart, due to evolution of homonuclear 13C–13C J coupling
during the zxy-ICOS coherence transfer. In these examples the maximum COSY peak intensity (HaCb) is 1/4 of that of the main cross
peak (HaCa) for Ile82 (upper right panel). The spectrum was acquired from a 0.8 mM sample of the 16 kDa mouse protein coactosin
in 52 h.
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four-dimensional GDE-HCCmHm-TOCSY is
superior to the standard three-dimensional
H(C)CH3 and (H)CCH3 TOCSY experiments
(Uhrı́n et al. 2000) by a theoretical factor of 1.22
albeit an additional indirectly detected dimension
is incremented. This can be understood by realiz-
ing that, to first approximation, the homonuclear
13C-13C TOCSY transfer between t2 and t3 evolu-
tion periods does not introduce any sensitivity
loss. Table 2 summarizes the analytical transfer
functions for different coherence transfer elements
used in the proposed experiments for the
1H fi 13C transfer.

We compared the attainable sensitivity of the
three-dimensional GDE-H(C)CmHm-TOCSY
experiment with that of the conventional
H(C)CH3-TOCSY scheme (Uhrı́n et al., 2000;
Zheng et al., 2004). Figure 3 shows representative
strip plots of Ile49, Val101, and Leu120 residues
recorded with the pulse sequence in Figure 1a
and with the H(C)CH3-TOCSY scheme. The sig-
nal-to-noise ratio is increased on average by a
factor of 1.4 with respect to the standard
H(C)CH3-TOCSY experiment (Uhrı́n et al., 2000;
Zheng et al., 2004).

To demonstrate the feasibility and superior
resolution of the four-dimensional HCCm-
Cm-TOCSY experiments for the assignment of
methyl-containing residues, we applied the pulse
sequences to the uniformly 15N/13C labeled actin
binding mouse coactosin, containing 142 residues
(Hellman et al., 2004). Figure 4 illustrates portions
of the three-dimensional GDE-H(C)CmHm-
TOCSY and the four-dimensional GDE-
HCCmHm-TOCSY spectra, recorded using the
pulse sequences shown in Figure 1a and d,
respectively. The F1(

1H) - F2(
13C) portions of the

four-dimensional spectrum are taken at the fre-
quencies of the methyl carbons (F3) and protons
(F4), whereas the F1(

1H)–F3(
1H) planes of the

three-dimensional spectrum are taken at
the chemical shift of the methyl carbon (F2) of the
corresponding residue. There are several forth-
comings in the four-dimensional spectrum with
respect to the three-dimensional editing. Each F1-
F2 plane of the four-dimensional spectrum dis-
plays both proton and carbon chemical shifts
within the spin system. Therefore, the four-
dimensional approach provides direct 1H–13C
connectivities for adjacent spins, that is, the
ambiguity present in the assignment of aliphatic T
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1H resonances is greatly reduced by the additional
information on the chemical shift of their directly
attached carbons. For example, in the case of
Leu100 CcHc and CbHb chemical shifts can
readily be assigned unambiguously (Figure 4a–b).
Also, overlap is significantly reduced, as exempli-
fied by Ile82 Hb, Hc and Hd chemical shifts in
Figure 4c–d or for Val37 in Figure 4e–f. In
comparison to the GTE-HCCmHm-TOCSY
spectrum shown in Figure 2, it can be realized that
all COSY-like correlations within the spin system
are absent. The spectra shown in Figures 2–4 were
measured on a 600 MHz spectrometer equipped
with a cryogenically cooled probehead. The four-
dimensional GDE-HCCmHm-TOCSY experiment
was executed using a single transient per FID,
yielding a total measurement time of only
16 hours. This turned out to be adequate for
assigning all the 77 methyl groups found in
coactosin i.e. 15 Ala, 7 Leu, 8 Ile, 11 Val, and
10 Thr residues. In comparison, the three-dimen-
sional GDE-H(C)CmHm-TOCSY and H(C)CH3-
TOCSY spectra were recorded using two scans per
FID with a measurement time of 9 hours per
experiment. The pulse scheme in Figure 1c was
experimentally verified on a 500 MHz spectro-

meter equipped with a conventional probehead.
Despite the inherently lower sensitivity and reso-
lution attainable, the assignment could be per-
formed equally efficiently with the same results
(data not shown). By taking the 3.25 times longer
experimental time into account, the four-dimen-
sional GTE-HCCmHm-TOCSY (Figure 1b) in
our hands provided a 1.2 – 1.4 times higher sen-
sitivity in comparison to the GDE-HCCmHm-
TOCSY (Figure1d). It can be anticipated that this
sensitivity enhancement, obtained using the ICOS
1H-13C coherence transfer between t1 and t2
evolution periods, will be lost on larger proteins
(>20–25 kDa) where transverse relaxation time of
aliphatic methine/methylene protons and carbons
becomes prohibitively fast. Consequently, the
attainable sensitivity of the GDE-HCCmHm-
TOCSY experiment (Figure 1d) that employs only
homonuclear 13C–13C and heteronuclear methyl
13C–1H ICOS transfer becomes superior to the
GTE-HCCmHm-TOCSY experiments (Fig-
ure 1b–c) on large proteins. As we have shown
earlier, the use of homonuclear 13C–13C and het-
eronuclear methyl 13C–1H ICOS transfer is
advantageous for proteins with correlation times
up to at least 15 ns (Permi et al., 2004). In addition,

Figure 3. Comparison of three-dimensional H(C)CmHm-TOCSY spectra of mouse coactosin. Three representative pairs of two
dimensional F1(

1H)–F3(
1H) planes are shown with the GDE-H(C)CmHm-TOCSY experiment (Figure 1a) on the left (a–c) and the

conventional H(C)CH3-TOCSY experiment (Uhrı́n et al., 2000, Zheng et al., 2004) on the right (a¢-c¢). The higher signal-to-noise ratio
in the GDE-H(C)CmHm-TOCSY spectrum is obvious.
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the GDE-HCCmHm-TOCSY (Figure 1d) scheme
does not produce COSY like correlations, which
can be critical in large proteins exhibiting an
increasing number of overlapping cross peaks.

Conclusions

Assignment of methyl-containing residues in pro-
teins is vital as these provide the vast majority of
long-range NOE connectivities for protein struc-
ture calculations. We have introduced a set of
HCCmHm-TOCSY experiments, which can be
employed for unambiguous assignment of methyl-
containing residues. The proposed three-dimen-
sional GDE-H(C)CmHm-TOCSY scheme is
complementary to the earlier DE-MQ-(H)CCm-
Hm-TOCSY experiment (Permi et al., 2004) as it
supplements aliphatic 13C, methyl 1H/13C connec-
tivities with the corresponding aliphatic 1H, methyl
1H/13C correlations. However, these experiments
do not provide direct methine/methylene 1H, 13C
connectivities. As a remedy, we have introduced a
sensitive four-dimensional approach in this paper.
These novel pulse schemes benefit from gradient
selection and sensitivity enhancement in two or
three indirectly detected dimensions, enabling the
use of only a single transient per FID. This makes
recording of high-resolution four-dimensional
spectra viable using a reasonable amount of spec-
trometer time. We have shown that a complete
sidechain assignment of methyl-containing resi-
dues can be accomplished for a 16 kDa protein
using a four-dimensional spectrum recorded in
16 hours at 600 MHz using one transient. With
these experiments the size limit of proteins ame-
nable to sidechain methyl assignment is extended,
without any costly selective labeling procedure. In
addition, automated sidechain assignment pro-
grams greatly benefit from increased resolution in
the four-dimensional spectrum.
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